This paper presents an approach to analyze the steady-state voltage change in distributed network with or without connection of Photovoltaic (PV) plant. Several scenarios are discussed: the voltage drop of distribution feeders with or without PV plant; the voltage impact in distributed network with different weather conditions; the impacts of PV power plant capacity on the voltage. A practical distribution system with PV plant in China is used for simulation. The results and analysis are reported.
Introduction
Generally, the distribution network is designed in order to operate in radial configuration with a single source. With this kind of network the power flows from the substation to the loads in every point of the grid [1] [2] [3] . Since the traditional energy sources are limited, the world has started to think seriously of some renewable energy sources such as solar and wind energy [4] [5] [6] [7] [8] . The distributed generation (DG) technologies are widely used, which work well with small-scale renewable energy resources like solar and wind power [9] . Since distributed generation is typically sited close to customer loads, it can help to reduce the number of transmission and distribution lines that need to be upgraded or built. Obviously, it reduces transmission and distribution losses. However, due to the introduction of the distributed generation, the distribution network has multiple sources, and it is possible to have power flow in reverse direction, from DG units to the substations. The reverse power flow is the main problem for the integration of the DG units. There are some new issues in a PV-connected system such as voltage, reliability, and harmonic. [10] conducted a reliability evaluation for the large-scale grid-connected photovoltaic systems. Reference [11] focuses on harmonic distortion assessment for a singlephase grid-connected photovoltaic system. Herein we address the voltage issue.
The introduction of a PV plant increases the voltage in its point of common coupling (PCC). The voltage level depends on the network configurations and the load conditions. It is proportional to the instantaneous produced power of the PV system [1] . In this case, the structure of the distribution network changes from the single source to multipower sources, and the size and direction of the power flow in the feeder may change, which lead to the change of the voltage profile on distribution feeders.
There are several voltage regulation methods in distribution system such as the change of the tap of on-load tap changer (OLTC), the use of capacitor, and the installation of voltage regulator for line drop compensation. With these methods, the voltage of the user end will be maintained within the specified voltage range.
Due to the connection of PV power plant to the distribution network, the structure of the distribution system changes from the single source to a multipower source pattern. The original program may not be able to meet the voltage requirements of distribution network after the distributed generators such as PV plants access to the distributed network. This is because the output power of PV plant is affected by the sunshine, temperature; and other weather factors. The PV output power that has characteristics of fluctuations and intermittent is prone to cause voltage fluctuations of the common connection point. So the impact of photovoltaic 2 ISRN Renewable Energy power on the power system must be assessed in order to ensure that the increasing application of photovoltaic power does not bring negative consequences to the users. This paper discusses the steady-state voltage distribution and dynamics of voltage fluctuation after photovoltaic power plants access to the distribution network. The proposed approach is applied to a practical distribution system with PV plant in China.
Distribution Network Model
It is well known that in the distribution network, the ratio of R/X (resistance/reactance) is relatively big, even bigger than 1.0 for some transmission lines. In this case, P-Q decoupled loadflow is invalid for distribution network load flow calculation. It will also be complicated and time consuming to use the Newton-Raphson loadflow because the distribution network is only a simple radial tree structure. Therefore, the power summation-based radial distribution network loadflow method is used as follows [3] .
(1) Conduct optimal node order calculation for all redial network based on graph theory. Consequently, the feeder branches are divided into different layers according to the distance between the ordered node and "root of a tree" node.
(2) Calculate the branch real power and reactive power from the "top of a tree" node to the "root of a tree" node. That is from last layer to first layer.
(3) Compute the node voltage from the "root of a tree" node to the "top of a tree" node, that is, from first layer to last layer. Figure 1 is a distribution feeder structure without PV plant, where the source is selected as the reference node with voltage • U0 = U 0 e j0 . Figure 2 is a distribution feeder structure with PV plant. If photovoltaic power plant of node k is in operation, the voltage drop of each node will be changed.
According to the model of Figure 1 , the feeders have n loads, which are evenly distributed, and each load is assumed to have the same value P d + jQ d . Let m be any point on the feeder branch, the active and reactive load of point m can be written as
To simplify the calculation, the principle of superposition is applied to the voltage calculation of the feeders. This will consider the impact of both the main source and photovoltaic power plant on the distribution feeder. In this situation, the source of distribution feeder is equivalent to a voltage source that is in short-circuit status, while photovoltaic power plant is equivalent to the current source that is in open status. Figure 1 , the voltage drop at any point m on distribution line is
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where ΔU sm f is the voltage loss caused by the equivalent load after point m. ΔU sml is the voltage loss caused by load before point m. Assume that the line between two nodes has the same length, the voltage loss from point m to the end of the feeder can be written as follows:
where R 1 and X 1 are the resistance and reactance of the line between two nodes, respectively. U N is the rated voltage. Assume that each load is evenly distributed at the midpoint of each line section, the voltage loss from the source to the point m can be written as follows:
The total voltage loss at node m is
Thus, the node voltage at any point m on the distribution feeders without PV power plant can be calculated as below:
Distribution Feeders with PV Plant
Only. If the feeder side of the main power is short circuit, the impedance of the circuit is very small relative to the loads on distribution feeders. Thus, the PV power plant has no direct impact on node voltage loss after node k (between point k to load n), but has indirect impact since the voltage of node k is improved due to the access of PV plant. At this point, the grid-connected PV power plant provides sole injection power, and the loss of line voltage is negative: the voltage loss of node m can be expressed as follows:
3.3. Distribution Feeders with PV Plant. By using the superposition theorem, the voltage loss of the distribution feeders
R n + jX n P 1 + jQ 1 P 2 + jQ 2 P k + jQ k P n−1 + jQ n−1 P n + jQ n Figure 1 : Distribution feeders without PV power plant. with photovoltaic power plants can be obtained by
Therefore, the node voltage at any point m on the distribution feeders with PV power plant can be calculated as below:
It can be observed from (6), (9) that the node voltages of the distribution network have been enhanced when photovoltaic power plants access to the grid. Figure 3 is a distribution network with a PV plant, which is used to analyze the impact of the capacity of PV plant on node voltage. The value of each load is P d + jQ d = 0.42 + j0.24.
Consideration of PV Plant Capacity.
The power factor of the output power of PV inverter is selected as 0.9, and the data of PV power plant capacity are given in Table 1 . If the access point of the PV plant is located at node 4, the results of the voltage calculation for this distribution network are shown in Figure 4 . It can be observed from Figure 4 that the line voltage loss is reduced, and the feeder voltage is gradually increased as the increase of the capacity of photovoltaic power plant. Due to the increase of the capacity of PV power plant, more power output comes from photovoltaic power plant. Consequently, the voltage support is increased, and the feeder voltage is also increased. In Figure 4 , voltage curve 6 has the highest peak among all the voltage distribution curves. It is noted that the feeder voltage will be over the standard deviation of the voltage if the capacity of PV power plant exceeds some level. Unlike the traditional power plants that use coal or gas, the power output of a PV plant is often variable since the weather is changeable. Thus, the injection power from PV plant to distribution system cannot be fixed, which causes the fluctuations of voltage in distribution network.
Simulation Results
To analyze the impact of PV plant on distribution network, a practical 110 kV distribution system with PV plant in China is used for simulation calculation. The capacity of PV plant is 1.0 MVA. The voltage of access point of PV plant is 380 kV.
Three different cases and data from the practical system are used in the simulation: 
Conclusion
This paper discussed the problem of the PV power plant connecting to the distribution network. Several scenarios are discussed in the paper. They are the voltage drop of the distribution feeders with or without PV plant; the impacts of PV power plant capacity on the voltage curves. The steady-state voltage changes in distributed network with or without connection of Photovoltaic (PV) plant are analyzed based on a practical distributed system with PV plant in China. The simulation results show that that the voltages of distribution network are relatively stable under the condition of sunshine. The fluctuations of the voltage are also smaller than those under the condition of clouds and rain. There is no PV power output during the daytime of rainy day.
